Tef (Eragrostis tef) is a major cereal crop in Ethiopia. Lodging is the primary constraint to increasing productivity in this allotetraploid species, accounting for losses of ~15-45% in yield each year. As a first step toward identifying semi-dwarf varieties that might have improved lodging resistance, an ~6X fosmid library was constructed and used to identify both homoeologues of the dw3 semi-dwarfing gene of Sorghum bicolor. An EMS mutagenized population, consisting of ~21,210 tef plants, was planted and leaf materials were collected into 23 superpools. Two dwarfing candidate genes, homoeologues of dw3 of sorghum and rht1 of wheat, were sequenced directly from each superpool with 454 technology, and 120 candidate mutations were identified. Out of ten candidates tested, six independent mutations were validated by Sanger sequencing, including two predicted detrimental mutations in both dw3 homoeologues with a potential to improve lodging resistance in tef through further breeding. This study demonstrates that high throughput sequencing can identify potentially valuable mutations in under-studied plant species like tef, and has provided mutant lines that can now be combined and tested in breeding programs for improved lodging resistance.
INTRODUCTION
Tef [Eragrostis tef (Zucc.) Trotter] is an allotetraploid (2n = 4X = 40) species that is native to Ethiopia. Tef belongs to the grass subfamily Chloridoideae, a lineage that has received very little research attention. Tef has an estimated genome size of 713-733 Mbp (Ayele et al. 1996) , which is about 60% larger than the rice genome.
As a staple food in Ethiopia, covering more acreage than any other crop in that nation, tef possesses several advantageous characteristics, including excellent storage properties and a very nutritious seed with excellent protein and mineral composition (Stallknecht et al. 1993) . In addition, tef plants grow well under extreme environmental conditions such as drought and water-logging. However, compared to other crops, the average yield of tef is quite low, at an average of ~ 700kg ha −1 (CSA 2005) . Tef has a tall and tender stem that is susceptible to lodging caused by wind and rain. As a consequence, the yield of tef is reduced ~15-45% each year, depending on the weather and the variety. Furthermore, an increased incidence of lodging is associated with fertilizer application. Using QTL to improve lodging resistance indicated a positive correlation between lodging and yield, such that the most lodging-resistant progeny also had the lowest yield (Yu et al. 2007) . This is probably because such traits as larger seed size and higher seed number create a heavier panicle that leads to a greater likelihood of lodging.
In other cereal crops (Multani et al. 2003; Peng et al. 1999; Sasaki et al. 2002) , semi-dwarf varieties have been found to provide both lodging resistance and higher yields. As shown in the earliest studies (Foster and Gutger 1978; Jennings 1964; Quinby and Karper 1954; Walcott and Laing 1976) , semi-dwarf varieties have both strong stalks and a greater carbon partitioning into seed rather than vegetative material.
Comparison of genetic-improvement-associated trait changes in tef and wheat revealed that tef harvest index and lodging susceptibility remain unaltered even though plant height and total biomass yield increased in some varieties (Assefa et al. 2011) , further suggesting the importance of developing tef varieties with short stature. However, tef is a tetraploid species with most genes represented by two homoeologous copies, thus raising doubts as to the likely effectiveness of the facile use of plant height screens for the outcome of single-gene knockouts.
Numerous studies have been carried out on plant dwarfing genes (Asano et al. 2009; Hong et al. 2003; Itoh et al. 2001; Monna et al. 2002; Muangprom 2005; Multani et al. 2003; Sakamoto et al. 2005; Sasaki et al. 2002; Tanabe et al. 2005; Zou et al. 2006) , and mutant alleles of these genes have been seen to have negative effects on plant performance, often by decreasing fertility. However, mutant alleles of a few dwarfing genes have been found to be useful for crop improvement. Among them, two of the most successful applications have been to create the semi-dwarf wheat and rice varieties that led to the Green Revolution in the 1960s. The key genes employed were the reduced height-1 (Rht-B1b and Rht-D1b) genes in wheat (Peng et al. 1999 ) and the semi-dwarf (sd1) gene in rice (Muangprom 2005; Sasaki et al. 2002; Spielmeyer 2002) .
Cloning of these genes revealed that both are involved in the gibberellin (GA) response.
The wild-type alleles of Rht-B1b and Rht-D1b encode DELLA proteins that are important components of the GA signal transduction pathway. Peng et al (1999) found that a point mutation in each of the Rht-B1b and Rht-D1b alleles introduced a stop codon into the N-terminal coding region. The rice sd1 gene encodes GA 20-oxidase, a key enzyme in the GA biosynthesis pathway. The studied sd1 allele has a 383-bp deletion that results in a frameshift mutation that conditions a greatly lowered GA20 oxidase level (Sasaki et al. 2002) .
In sorghum, the gene dwarf3 (dw3) of sorghum (Multani et al. 2003) was used for lodging resistance and higher yields in this crop decades before the wheat or rice Green
Revolutions were conceptualized (Karper 1932; Quinby and Karper 1954) . The maize ortholog of dw3, br2, has not been used extensively for maize improvement, perhaps because maize lodging is not so much a plant anatomy issue as it is associated with insect and fungal damage to stalks (Multani et al. 2003; Munkvold and Hellmich 2000) .
Multani and his colleagues discovered that corn br2 and sorghum dw3 encodes a pglycoprotein whose loss leads to dwarf corn and sorghum plants by interfering with the movement of auxin, thus causing the compact lower stalk internodes characteristic of this mutation.
Mutagenesis has been used to identify the existence and involvement of genes in numerous biological processes (Auerbach and Robson 1946; Ehrenberg and Gustafsson 1957; Natarajan and Ramanna 1966; Rapoport 1946) . Chemical mutagens, such as ethyl methanesulfonate (EMS) and N-methyl-N-nitrosourea (MNU), are applied to induce single nucleotide substitutions and create mutation libraries at the genome level. For instance, the original sd1 rice mutant was generated by mutagenesis (IRRI annual report for 1966). Recently, mutagenesis has taken a significant step forward by the utilization of reverse genetic approaches that allow the directed investigation of the mutational status of specific genes. TILLING (Targeting Induced Local Lesions IN Genomes) and EcoTILLING (Comai et al. 2004 ) have been applied to a variety of plants, resulting in identification of mutations in specific target genes in Arabidopsis (Greece et al. 2003; Martin et al. 2009; Till et al. 2003) , rice (Suzuki et al. 2008; Till et al. 2007) , wheat (Slade et al. 2005) , maize , sorghum (Xin et al. 2008) , pea (Dalmais et al. 2008) , soybean (Cooper et al. 2008) , tomato (Minoia et al. 2010 ) and other plant species. However, TILLING is a time-consuming, expensive and laborintensive approach when applied to either large populations or large genomes, and might be particularly challenging in a recent tetraploid like tef (Smith et al. 2012 ) where homoeologues have not yet differentiated greatly in sequence.
Recent advances in high throughput sequencing technologies have provided avenues for greatly improved detection of genome-wide variation. For instance, using 454 amplicon sequencing, over 1,000 SNPs were detected from a sugarcane mapping population and 93% were found to be valid (Bundock et al. 2009) . A 454 GS FLX platform based on KeyPoint technology has been used to screen for induced and naturally occurring sequence variation in more than 3,000 M2 tomato families, and identified 2 mutants and 6 haplotypes in the elF4E gene (Rigola et al. 2009 ). To enhance this approach, enrichment of a specific gene can be performed before high throughput sequencing. Array capture and PCR amplification of targets are commonly used (Mamanova et al. 2010; Ng et al. 2010a) . Array-enriched whole exome sequencing has been widely used to identify candidate causative genes for human disease. For example, SNPs in genes DHODH and MLL2 were respectively identified as causal agents for Miller syndrome and Kabuki syndrome by this approach (Ng et al. 2010a; Ng et al. 2010b) .
Recently, Smith et al (2012) cloned and sequenced homologues of the sd1 and rht1 genes from tef. Two rht1 homoeologues, apparent orthologues of the wheat genes, were sequenced across 31 tef accessions, as were three tef sd1 homologues of unknown paralogous/orthologous relationship. This study indicated that all accessions contained genes that appeared to be fully functional, and that there were both very few haplotypes per gene (1-5) and no clear history of recombination between these haplotypes. Hence, a search for naturally inactivated semi-dwarf genes in the tef germplasm would be an arduous and perhaps fruitless undertaking.
In this study, two dwarfing candidate genes, orthologues of dw3, were isolated from a fosmid genomic library containing tef DNA inserts. These two candidate genes, and two tef rht1 homoeologues, were enriched by gene-specific PCR amplification from genomic DNA pools derived from an EMS-mutagenized tef population containing ~21,210 individuals. Candidate mutations were identified, and several were further validated by Sanger sequencing, thereby demonstrating that high throughput sequence analysis can be an efficient approach for mutant discovery in a tetraploid orphan crop.
Although semi-dwarf phenotypes were not seen in heterozygous or homozygous mutant plants, future crosses to bring these two mutations into the same genetic background may yield progeny with a semi-dwarf phenotype that yields improved lodging resistance and yield. Table S1 ). All 25 superpools were screened by primers specific to putative dwarfing genes. One positive superpool identified in the previous step was selected and all of the 48 pools were screened. Then, one positive pool was selected and 96 clones from this pool were randomly picked and screened. During the entire screening process, tef genomic DNA was used as a positive control for PCR amplification. Finally, the identified positive clones were further verified by complete sequencing to identify a full-length copy of the target gene. The complete clone sequences were submitted to GenBank (Accession numbers: JN672669-JN672670).
MATERIALS AND METHODS

Fosmid
The fosmid sequences were initially annotated by FGENESH (http://www.softberry.com) and GENESCAN (Buger and Karlin 1997) . Putative proteins were identified using TBLASN and BLASTP (Altschul et al. 1997) . Divergence times of the two homoeologous dw3 homologues in the tetraploid tef were estimated by two and T (AB) represent the level of synonymous mutation and the divergence time between maize and sorghum, respectively.
Tef mutagenesis and pooling:
Tef seed used in the mutagenesis were from cultivar DZ-Cr-37, a released variety that provides early maturing plants that are drought tolerant (Teferra et al. 2000) . Seed from DZ-Cr-37 were treated with EMS at concentrations of 0%, 0.5%, 1% and 1.5%. The seeds were soaked in water for one hour, then in the EMS solution for five hours, and were subsequently washed with water for three hours. Mutagenized seeds were planted in the greenhouse in a soilless growing mix. Plant heights measured 3 weeks after planting were used as surrogate scores for the efficacy of different concentrations of EMS. That is, only seeds with good germination efficiency but also showing some obvious detrimental effects of the mutagen were considered good candidates for a high level of mutation. EMS concentrations of 1-1.5% were found to be a good working dose for DZ-Cr-37, so plants grown from these seeds constituted the tef M1 generation, a total of 2,121 M1 plants.
M1 plants were self-fertilized, and ten M2 generation seeds were planted in the greenhouse from each M1 panicle. By definition, an M2 family is derived from a single M1 seed, because it is the self-pollinated seed on the panicle of an M1 plant. Genomic
DNAs were isolated from a pool of 10 M2 leaves (one equivalent-size leaf per plant) from each M2 family, using the standard CTAB procedure (Murray and Thompson 1980) . A total of 2,121 pools were generated, which represented 2,121 M2 families.
Among them, 934 pools were from the 1.0% EMS treatment and 1,187 pools were from the 1.5% EMS treatment. A total of 90-100 pools were combined into each superpool, program was used to predict the severity of the effects of each identified mutation on protein function. The mutagenized tef plants containing damaging mutation predicted by SIFT were selected and mutation phenotypes were further evaluated in the M3 generation. Each M3 plant height was carefully inspected at least three times during the growing season. Plants were grown both in standard greenhouse conditions (with high fertilizer inputs like those routinely used for maize) and under conditions where no fertilizer was added after the initial planting.
library preparation:
Exonic segments of four dwarfing candidate genes, dw3a, dw3b, rht1a and rht1b (Smith et al. 2012) were chosen for 454 sequencing.
Seven pairs of primers for the dw3/br2 genes and 1 pair of primers for the rht1 homoeologues were designed to cover the appropriate coding regions (Figure 1 ) for initial PCR and sequencing. The primer sequences are listed in the supporting information (Supporting information. Table S2 ). For each primer, an 8-10bp TI-MID tag was added at the 5' end to differentiate the superpools. These tags differed by at least 4 nucleotides.
All PCR amplifications were performed in 1x Phusion HF Buffer, 1.5 mM MgCl 2 , 200 μM of each dNTP, 0.5uM primer, 3% DMSO, and 2.5U Phusion™ High-Fidelity DNA Polymerase (New England Biolabs, MA, USA), with 100ng of genomic DNA in a 50ul total volume. Amplification was carried out in a PTC-gradient cycler (MJ Research, MA, USA) as follows: 30s at 98C followed by 30 cycles of 10s at 98C; 20s at 72C and a final extension of 10min at 72C. PCR products were isolated from 1.5% agarose gels and purified using a Quick gel extraction kit (QIAGEN, Hilden, Germany).
454 Titanium sequencing, data processing and candidate mutation validation: Sequencing was performed at the University of Georgia sequencing facility according to the manufacturer's instructions (Roche Applied Science, IN, USA). Basecalled reads were trimmed, filtered for quality and converted into FASTA format. During preprocessing, the origin of the reads was identified based on the target-specific primer sequences and the 8-10bp TI-MID tags. Single nucleotide mutations were then identified by mapping the 454 superpool data onto the reference sequences generated by the fosmid sequence analysis. A mutation was considered to be a candidate when it fulfilled the following criteria: (1) it was present in only one of the superpools, and with a frequency of three or more reads in that superpool, and (2) its quality score was higher than 15. The mutation identification was implemented using custom PERL scripts.
Candidate mutations identified in the superpools were validated by Sanger sequencing of the individual 10-plant pools, all from the M1 panicle. So the mutation was expected in 50% of the pooled DNA, yielding overlapping reads of ~50% wild type and ~50% mutant at the identified mutant nucleotide. These candidates were further investigated by Sanger sequencing of DNA from single M2 seedlings from the appropriate M1
panicle, indicating M2 progeny that segregated 1:2:1 for the mutant nucleotide. PCR products obtained from the M2 families and individuals were sequenced using the BigDye Terminator v.3.1 kit on the 3730 DNA analyzer (Applied Biosystems, CA, USA).
Once a M2 plant was validated, the M2 seeds were planted again in the greenhouse to collect M3 seed.
RESULTS
Fosmid sequencing and identification of dwarfing candidate genes: A total of 102,191 tef fosmid clones were isolated and transferred to 96-well microtiter plates, corresponding to ~6X genome coverage. The probability of recovering a particular gene in this library is greater than 99.5%, calculated by the formula N=ln(1−P)/ln(1−f), where P is the calculated probability, f is the proportion of the genome contained in a single clone, and N is the number of fosmid clones. This library was organized into 25 superpools and screened for dw3/br2 homologues. Two of the positive superpools were chosen to screen all pools and fosmids. Two fosmids containing dw3 target genes were sequenced to identify the full-length dw3 sequences. We designated these 2 genes as dw3a and dw3b in the allotetraploid tef genome. Annotation of these 2 fosmids resulted in a total of eight genes. The gene dw3a was located in the middle of one fosmid and dw3b at the end of the other fosmid (Table 1) . Sequence comparison revealed 94.8%
and 94.1% identities between dw3a and dw3b at the nucleotide and protein levels in coding regions, respectively. However, the nucleotide identity dropped to below 70% in non-coding regions (Supporting information. Table S3 ). There were 7 PCR positives for dw3 in the superpool screening of this ~6X library, thus suggesting that these 2 genes represent the 2 homoeologous copies from the two diploid ancestors of this allotetraploid. With a molecular clock method, these two dw3 homoeologues were calculated to have shared a common ancestor approximately 9 million years ago (MYA).
Similarly, with a comparative genomics approach, this divergence was dated at approximately 10 MYA, when one employs maize and sorghum genome divergences as 12 MYA (Swigonova et al. 2004) . The gene lengths of the tef dw3 homoeologues were similar to their maize, sorghum and rice orthologues. However, the tef genes are missing one intron compared to maize and sorghum, and 2 introns compared to rice.
Generation of EMS mutagenized tef populations and 454 sequencing: EMS
is a chemical mutagen that predominantly induces C to T and G to A transitions across the genome (Krieg 1963) . In this study, 2,121 M2 families were grown for DNA isolation and screening. A total of 934 families were from seed treated with 1% EMS and 1,187 families were from seed treated with 1.5% EMS. The M2 seed germination rates for both treatments were >95%, even after nine years of storage at room temperature.
Approximately equal amounts of leaf material were harvested from each of ~10 individual M2 plants that were derived from a single M1 seed. As any mutation occurring in the M1 seed would segregate in the M2 offspring, pooling of leaf material from 10 individual M2 plants meant that the chance of recovery of this mutation was >99%.
A total of 327,696 quality-filtered reads, with a median read length of 393bp
(ranging from 347bp to 413bp), were obtained from half a plate of a 454 Titanium run, producing a total of 123 Mb of raw data (Supporting information, Table S4 ). This provided 9.7X sequence coverage, on average, for each M2 pool. Of the total reads, 312,786 (95%) could be assigned into one of the 23 superpools and one of the 184 amplicons (23 superpools × 8 primer pairs) to cover most of the coding portion of the dw3 homoeologues and one key region (Peng et al. 1999 ) of the rht1 homoeologues based on the target-specific primer sequences and the 8-10bp TI-MID tags. For each amplicon, the number of reads from each superpool was fairly consistent (Supporting information. Figure S1 ). 454 sequencing would be expected to produce more reads for short fragments, and this was observed with our shortest amplicons. The remaining 5% of reads contained one or more deviations in the sample TI-MID tag sequences or were shorter than 100bp, and thus were excluded from further analysis.
Mutation patterns:
The mutagenized population was from cultivar DZ-Cr-37, while the cloned sequences were from accession PI524434, so it was expected that the clone sequence would differ from that of the cultivar that was mutagenized. This observation was confirmed by the amplicon sequencing, which indicated 0.3% nucleotide differences (1/ 3109bp) in the DZ-Cr-37 amplicons (all from protein-encoding sequence) compared to PI524434. This single nucleotide change does not cause an amino acid change. Compared to the wild type sequence of the sequenced exonic DNA of the dw3 and rht1 homoeologue amplicons from DZ-Cr-37, a total of 120 candidate mutations were identified in the 4 homoeologous genes in the mutagenized population.
Many additional sequence variations were observed, but these were low frequency sequence changes that were likely to have been an outcome of sequencing errors. Of the 120 sequence changes represented three or more times in the amplicon sequence dataset, 86 were missense/nonsense mutations ( Table 2 ). The majority (78%) of the mutations detected in the superpools were derived from the 1.5% EMS treatment (Supporting information, Table S5 ). The mutation frequency, determined by screening 2,121 M2 families, was approximately 8.7 mutations per megabase for dw3 homoeologues and 2.7 mutations per megabase for rht1 homoeologues. Of these candidate mutations, the most abundant mutation types are G/C to A/T transitions, accounting for 69.2% and 84.1% of total mutations in the dw3a and dw3b genes, respectively. Transversions accounted for less than 20% of the candidate mutations.
However, more detailed analysis of ten candidate mutations from the set of 120 indicated that only 60% were truly mutant (and the rest were sequencing errors, see below), so the actual rates of sequence change of each type cannot be known unless validation of the entire set of 120 is performed.
For dw3 homoeologues, candidate mutations that were predicted to be silent, missense and nonsense accounted for 31 (27.2%), 80 (70.2%) and 3 (2.6%) of the cases, respectively. This mutation distribution pattern was significantly (χ 2 =16.5, df = 2, P < 0.001) different from the predicted pattern by CODDLE (Choose codons to Optimize the Detection of Deleterious LEsions, http://www.proweb.org/coddle/) program.
CODDLE predicted approximately 50% missense, 47% silent and 3% nonsense mutations (Supporting information. Table S6 ). For rht1 genes, only 6 mutations, including 2 missense, 3 silent and 1 nonsense mutations, were predicted. In addition, using the SIFT program (Ng 2003) , the putative impact of the missense mutations on the protein function of the target genes could be predicted. Fifty (58%) of the candidate missense mutations, 48 from the dw3 genes and 2 from the rht1 genes, were predicted as deleterious by SIFT scores <0.05 (Table 2) .
Mutant validation and phenotypic characterization:
To validate these mutations, 10 candidate mutations were selected and DNA was analyzed from both 10-plant pools and single plants by Sanger sequencing. Six independent mutations, 5 at dw3 homoeologues and 1 at an rht1 homoeologue, were validated in both pools and single plants (Table 2 , Figure 2) . The other four, all with abundances less than or equal to four reads in the amplicon dataset, were not found in any Sanger sequence, suggesting that they were low frequency 454 sequencing errors. The mutation density of these validated mutations range from 4 to 19. We confirmed a G to A mutation at the 742nt position (G742A) from the dw3a gene (Figure 2 , i-iii) and a C to T mutation at the 106nt position (C106T) from the dw3b gene (Figure 2 , iv-vi) in the M2 tef lines p893 and p932, respectively. These two mutations encode alanine (nonpolar) to threonine (polar) and proline (nonpolar) to serine (polar) amino acid changes, and were predicted to severely affect protein function by SIFT scores of 0.02 and 0.00, respectively, probably by alteration of the folding of the enzyme. Both nucleotides were located in a highly conserved domain of the predicted dw3 protein. These two amino acids are fully conserved across maize, sorghum and tef. Sequencing the key region of the dw3 homoeologue in individual M3 tef lines indicated that both G742A and C106T mutants were heterozygous at the target site in the M2 generation. (Supporting information. Figure S2 ). In an rht1 homoeologue, a C to T mutation at the 358nt position is also predicted as deleterious (Table 2 ). This amino acid (proline) is conserved across the grass family except in wheat, where it is a glutamine, while the predicted change in the tef mutation is to a serine.
Possible phenotypic effects of the G742A and C106T mutations were examined in the M3 generations of tef lines p893 and p932. Regardless of high input or low input fertilizer regimens, homozygous wild type plants were not distinguishable from either the heterozygous or homozygous mutations for either gene (Supporting information. Figure   S3 ).
DISCUSSION
The cloning and sequencing of two dw3/br2 homoeologues from tef: A fosmid library representing approximately 6X coverage of the Eragrostis tef genome was constructed. The quality of this library was confirmed by PCR screening for dw3
homoeologues. This screening identified 7 positive clones in the superpools, suggesting that dw3 homoeologues are present as single copy genes (that is, one copy per diploid genome) in the tetraploid tef genome. This is consistent with previous studies on the diploids maize and sorghum, where br2 and dw3, respectively, are single copy genes (Multani et al. 2003) .
From sequence variation between the two homoeologous genes, dw3a and dw3b, an ancestral divergence date of ~9-10 MYA was calculated for the diploid genomes in tetraploid tef. For the two apparent rht1 homoeologues used in this study, Smith and colleagues (Smith et al. 2012 ) calculated a divergence time of ~4-5 MYA. Given the significant variation that exists in the rates of divergence for different plant nuclear genes (Zhang et al. 2002) , it is clear that many more homoeologous pairs need to have their divergence date ascertained in tef, so a relatively robust number can be derived.
Mutagenized tef populations and mutation discovery: For many decades, mutagenesis has been widely used for genetic analysis in plants and animals. Alkylating agents, including EMS, are particularly well-suited for higher plants. One of the most challenging problems is to determine the ideal dosage of the mutagen. The toxicity and mutagenicity of EMS vary tremendously from one species to the next. A low concentration treatment allows greater survival and less subsequent issues with segregation of desired mutations from undesired events, but requires more screening to identify the targeted mutants. In most crops, the commonly used EMS concentration is 0.25%-1.5%. For instance, 1% EMS treated tomato plants yield nearly 1.8 fold more mutations per genome than a 0.7% EMS treatment, but the fertility rate was 41% lower than the 0.7% EMS (Minoia et al. 2010) . In this tef study, seed treatments of up to 1.5%
were well tolerated, and provided significantly more mutations than 1% treatment. For the genes targeted in this study, the apparent mutation rate was 2.8X higher in the 1.5% treatment than in the 1% treatment, under the conditions employed.
The size of the mutagenized population is also important to ensure that a sufficient number of targeted mutations will be found. For example, in Arabidopsis, 18,000 EMS mutagenized lines were needed to find a nonsense mutation in any targeted 1.0 kb coding region with 95% confidence (Greece et al. 2003; Parry et al. 2009 ). Based on the apparent mutation frequency at the dw3 homoeologues of tef from prediction, ~2800 mutagenized lines would be required to identify a nonsense mutation with 95% confidence, given a coding region of 4kb (dw3) and nonsense mutations that account for ~3% of the events. In this study, ~3kb of the coding region was analyzed by amplicon sequencing for the 2,121 mutagenized pools, so the probability of finding a nonsense mutation was estimated to be 83%, assuming a binomial distribution.
However, no nonsense mutation was confirmed.
A total of 120 candidate mutations were identified from four candidate genes, two of each of the dw3/br2 and rth1 homoeologues, in 21,210 mutagenized tef lines. This number (120) was arrived at after low frequency mutations (less than 3 reads in the amplicon data set) and low quality reads were removed as probable false positives. Of the 10 candidate genes that were individually investigated by follow-up Sanger sequencing, the 4 mutations with >4 supporting reads (5-19) in the superpool data were all confirmed as true mutations, while the 2 mutations with only 3 supporting reads were found to be false positives. Of the 4 mutations with 4 supporting reads in the superpool data set, two were confirmed and two found to be false positives. Hence, if we extrapolate to the entire candidate pool, this suggests that the 61 candidate mutations with at least 5 sequences and half of the sequences with 4 reads in the superpool data (18/2=9) are likely to be real. This predicted level of confirmation, 70/120, also suggests that the EMS mutation rate is about ~1.7X lower than our initial calculation. Some mutations may have been missed in this project if they were somewhat underrepresented by mere chance in the bulk sequencing data. A larger redundancy of amplicon reads could have helped solve this problem. Because each pool was derived from a single M1 seed, a mutation in a particular diploid seed embryo would be chimeric in the developing plant and would variably segregate in the M2 generation (due to both heterozygosity and the degree to which the mutated embryonic cell was represented by a clone of cells that made it into the gametophytic lineage). As the sequencing coverage for each pool was estimated at approximately 10X, we should observe 5 reads that harbor this mutation on average. The chance for a bona fide mutation to be observed with frequency less than 3 is 0.0547 (calculated by binomial distribution). Hence, mutations with a frequency less than 3 were not further considered. On the other hand, previous studies indicated that EMS mutations are predominantly G/C to A/T transitions,
given the frequent alkylation of guanine residues by EMS (Krieg 1963) . In Arabidopsis, maize and wheat, more than 99% of EMS-induced mutations were G/C to A/T transition (Greece et al. 2003; Slade et al. 2005; Till et al. 2004) . In the mutagenized tef populations generated for this study, 69% of 1% EMS mutants and 82% of 1.5% EMS were found to be G/C to A/T transitions. A few transversions and A/T to G/C transitions were also observed, similar to the mutation spectrum reported in rice (Till et al. 2007) , barley (Caldwell et al. 2004 ) and tomato (Minoia et al. 2010) . The transversion mutations might result from EMS treatment or natural mutations in the population. In addition, PCR/sequencing errors may be responsible for some false positives even though we used high fidelity Taq polymerase (error rate 4.4×10 -7 ). Taq polymerase errors are heavily biased toward A/T to G/C changes (Keohavong and Thilly 1989) .
The observed mutation frequency (8.7 mutations/Mbp) for dw3 genes was found to be higher than the rht1 genes (2.7 mutations/Mbp). These frequencies are comparable to previous studies on rice, sorghum, tomato and Arabidopsis (2-6 mutations/Mbp) (Greece et al. 2003; Minoia et al. 2010; Xin et al. 2008) . These values are notably higher than the one mutation per Mb that was found in diploid rice and barley as well as tetraploid peanut (Caldwell et al. 2004; Knoll et al. 2011) , but much lower than the 24-42 mutations/Mbp documented in tetraploid and hexaploid wheat (Slade et al. 2005) , the only species with a mutation rate higher than 1 mutation/50kb that has been reported so far. A higher mutation rate will, of course, reduce the population size required for effective screening, but requires tolerance of this mutational rate by the mutagenized lines. The mutagenized tef in this project showed excellent vigor and fertility, so it is likely that an even-higher level of mutagenesis would be tolerated.
Phenotypic analysis:
We investigated two predicted deleterious mutations, one in each tef dw3 homoeologue, in the corresponding M3 generations and validated both by Sanger sequence analysis. Plants segregating for these mutations exhibited no obvious height or other morphological differences at either high fertilizer input conditions like those usually seen in greenhouse studies or under very low fertilizer inputs like those seen in standard Ethiopian tef agriculture. This suggests that each gene can complement mutations at the other locus.
Next steps: As a tetraploid species, it is challenging to discover mutation phenotypes from the tef genome because homoeologous alleles are expected to be present even for a single copy gene. Unless genes have been lost, subfunctionalized or neofunctionalized, it is likely that mutation in a single homoeologous copy, even when homozygous, would not yield a phenotype. Fortunately, two mutations that were predicted to be quite deleterious, G742A and C106T, from each of homoeologous dw3 genes were found in this analysis. These lines will now be crossed to bring these two mutations together, and then self or sibling pollinated to generate segregants that are homozygous for mutations in these two dw3 orthologues. It is hoped that some of the resulting lines will show a semi-dwarf character, lodging resistance and improved grain yield. If so, these dw3 alleles can be introgressed into a wide variety of locally adapted tef cultivars, thereby removing any undesired mutations in the mutagenized stock and allowing rigorous field experimentation regarding the value of this approach to tef
improvement.
The results demonstrate that next generation sequencing offers a nontransgenic alternative for the rapid identification of targeted genetic variation. In tef, semi-dwarfing mutations were found that might dramatically improve crop yield, once brought together into the same genetic background. This approach is universally applicable, and may provide exceptional value to orphan crop species with a very limited research toolkit and/or research community, and to agricultural environments where transgenic improvement might not be tolerated. 
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